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Abstract 
Safe operation of the NPP main equipment whose design life has expired requires the development of new approaches to integrity diagnosis 
and monitoring due to high level of metal ageing. 
These approaches should be based on nondestructive testing methods which make it possible to inspect equipment not only during the period 
of repair, but also in conditions of operation when dangerous defects are initiating and growing. One of highly efficient present-day techniques 
for nondestructive testing suitable for use in the process of operation is acoustic emission method. The paper presents the results of the activities 
to develop a multi-parameter system for acoustic emission monitoring of the nuclear plant equipment damageability in the process of the unit 
operation with specific features of the NPP control taken into account. The stages of the activities are described with all factors of impacts on 
the developed system assessed and taken into account, namely the need for keeping the system serviceable during long-term operation in high- 
temperature conditions, a complicated geometry of the monitored item, and an increased level of noise, as well as the acquisition and transmission 
of monitoring data via intranet systems for being processed and displayed online. A series of system tuning experiments conducted in laboratory 
conditions to refine and validate the selected monitoring techniques are described. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by Elsevier 
B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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 Traditionally, the integrity of the nuclear power (NPP) com-
ponents and pipelines is analyzed largely by nondestructive ul-
trasonic testing of the component and pipeline metal. This ap-
proach does not enable the defect nucleation time to be detected
and is based on an assumption that the defect will be timely
located when the reactor unit is shut down for scheduled repair
and the dynamics of its development will not give the defect
to grow rapidly to an inadmissible level when it rapidly pro-
gresses into a through-the-thickness flaw leading to a loss of
coolant. The preferred option would be to monitor the integrity
status in the process of the plant operation exactly when de-∗ Corresponding author. 
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ne the most well-known nondestructive test techniques, suits
deally the monitoring task [1–3] . As compared to other NDT
echniques, acoustic emission (EM) has a number of advantages:
- it is possible to carry out in-service monitoring and to detect
progressing defects immediately in the process of operation
and, thus, the most dangerous defects in the greatest stressed
reactor components; 
- it is possible to locate defects (cracks, plastic strain areas,
leaks and so on) quite at a distance from the receiving trans-
ducers; 
- it is possible to carry out real-time monitoring and, con-
sequently, to detect timely the coolant leak from pressur-
ized vessels and pipelines at the reactor facility’s difficult-
of-access points during the accident development; 
- AE method is compatible to other NDT techniques, which
makes it possible to improve the reliability of monitoring
through using a number of independent methods; w Engineering Physics Institute). Production and hosting by Elsevier B.V. 
ons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Welded joint between the primary coolant header and the PGV-1000M 
SG’s Dn1200 nozzle where service defects (cracks) form: 1 – SG WJ 111 region; 
2 – locations of AE probes; 3 – Dn80 blowdown nozzle; 4 – header; 5 – WJ 111 
failure region; 6 – SG nozzle; 7 – SG vessel. 
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 - it is possible to carry out remote automated monitoring in
unattended radiation-hazardous rooms of the nuclear plant. 
Despite these obvious advantages, practice shows that acous-
ic emission method is used on a small scale in conditions of
ussian nuclear plants. One exception is probably only the in-
roduction of AE for the VVER NPP primary circuit pipe leak
etection as part of the LBB (leak-before-break) concept [4–6] .
We believe that such obvious underestimation of AE as an
DT method is explained by the absence of commonly accepted
orrelations between the parameters of AE signals and different
ypes of the NPP metal damage, by complications involved in
he identification of useful AE signals against the background
f heavy noise from operating equipment; by the absence of
tandard primary transducers (AE probes) and electronic AE
ignal selection, amplification and conversion units capable to
perate for a long time without losing their service properties
n conditions of high temperature and ionizing radiation fields,
nd by the absence of durable high-temperature lubricating cou-
lants to ensure the transducer’s acoustic contact with the tested
tem. 
It should be noted that the experience in adapting different
DT methods shows that the most efficient way is to update and
erfect the monitoring methodology and equipment. 
In our case, we would like to apply AE method to the in-
pection of the metal integrity in the region of welded joint No.
11 (WJ 111 hereinafter) between the primary coolant “hot”
eader and the steam generator’s Dn1200 nozzle at unit 5 of
ovovoronezh NPP. 
The experience of operating the PGV-1000 steam generators
hows that service cracks nucleate on a regular scale and tend
o grow in the region of WJ 111 ( Fig. 1 ); cracks occasionally
enetrate through the 70-mm thickness of the SG vessel wall
ntil the coolant leak starts. 
It is required to develop an AE testing system for monitoring
nline the entire perimeter of WJ 111 throughout one fuel life
for about a year), from the time of the unit startup to the unit
utage for preventive maintenance (RM). The system will be
esponsible for the collection and storage of data, and for the
rocessing and analysis of same to locate potential defect for-
ation and growth areas. Acoustic data shall be continuously
ommunicated via the intranet network directly to the organiza-
ion in charge of the nuclear plant scientific and technological
upport. 
As far as WJ 111 is concerned, express processing of moni-
oring data makes it possible in some cases not only to detect the
efect formation time but also to evaluate the cause and effect
elations that have led to the crack growth based on analyzing
he pre-failure service conditions [8] . 
The study was divided into four stages. 
Stage 1 included the selection and testing of the AE test-
ng equipment. This includes high-temperature AE transducers
probes); devices for the probe attachment to the tested items;
coustic contact stabilizers (couplants and lubricants); model
E signal simulators to check up the diagnostic equipment; elec-
ronic AE signal selection, amplification and conversion units;
omputers for the test data processing and display, includingpecial-purpose software; auxiliary equipment for laboratory in-
estigations with regard for the simulation of service in the NPP
onditions (increased temperature, vibration and noise represen-
ative of the test item operation). 
Stage 2 was devoted to the development of the AE test proce-
ures with regard for the work results on the initial cluster. The
ollowing activities were undertaken to develop the procedures.
1. The design and engineering documentation for the equip-
ment to be tested and the SG service conditions and oper-
ating modes was reviewed, historical data on the SG status
was studied, an expert ultrasonic test of WJ 111’s metal was
conducted by phased-array method for the detection of vul-
nerabilities, and the area was detected with a sensitivity to
the defect formation because of the existence of an original
manufacturing flaw to below the reject level. 
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Fig. 2. Full-scale bench for adjustment of the flowchart for the AE signal local- 
ization in the distributed AE system on the SG nozzle. 
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i  2. Given the peculiarities of the design and the detected poten-
tially hazardous area with the initial defect, a full-scale bench
was developed, designed and manufactured ( Fig. 2 ) to simu-
late the region of WJ 111. The bench includes a large-scale
reference specimen cut out immediately from the WJ 111 re-
gion of the SG nozzle replaced due to a massive failure of the
heat-exchange tubes. 
3. With regard for the results of the activities under 1 and 2
above, model calculations were conducted on the propagation
of AE pulses from the defect formation in the crack nucleation
area, points for the AE probe installation were selected and
the location pattern was chosen. Properly arranged probes
exclude to a great extent the receipt of false signals result-
ing from the multiple wave reflections from the tested item
boundaries, leading to their transformation, that is, to the con-
version of waves from one type to another, e.g. of longitudinal
waves to transverse, Rayleigh or normal waves [9] . Based on
this, an algorithm was proposed for isolating false signals as
applied to the complex geometry of the monitoring area. 
Stage 3 was to tune the system for operation on a full-scale
bench in laboratory conditions, to conduct a series of additional
experiments for analyzing the AE signal parameters during the
SG nozzle steel elastoplastic deformation and failure, and to up-
date the location patterns with regard for the tested steel features.
Stage 4 included activities to compile the work program and
a dedicated procedure for the preparation for the SG inspection
by AE method. The procedure includes engineering and process
documentation for the system assembly and adjustment directlyt the NPP, and for the organization of the AE inspection data
ollection and communication. The work program defines the
esponsibilities of the persons involved, and lists the organiza-
ional and technical measures required for the inspection, as well
s for metrological and technical support. The developed and ap-
roved program is the underlying document for the activities to
e undertaken at the NPP. 
It should be noted that, following the express processing, the
nspection results are transmitted in the form of intermediate
eports to the NPP on a periodic basis throughout the unit life.
fter the work is over, a final report is issued on the inspec-
ion results for the year. The report includes results of the expert
ltrasonic examination with a 100%-coverage of the WJ 111
egion for the purpose of comparing them against the ultrasonic
nspection data for the previous year. The obtained data are com-
ared, and new defects are identified which are compared to the
E inspection results. 
The most difficult part of the activities at stage 1 was to
elect sensitive high-temperature primary transducers for the
E signal recording and to provide for the reliable contact
f the AE transducer with the tested item surface. Different
ypes of AE transducers are used to convert elastic waves to
lectrical signals [10] . The most commonly used probes are
hose based on a piezoelectric effect (piezoelectric cells). For
he study, ceramics was selected as the test transducer material,
ased on lead zirconate–titanium (LZT) with a high Curie point
 + 400 °С ) [11] . This ceramics retains its performance in the
VER-1000 primary circuit temperature conditions and is re-
istant to neutron and gamma radiation. For a higher level of reli-
bility, awareness and noise resistance, a transducer with a lot of
hin unidimensional piezoelectric crystals was developed in the
tudy [12,13] . 
Several versions of resonance-type AE signal probes were de-
eloped based on this ceramics. The dimensions of piezoelec-
ric crystals were selected such that they had their resonance
requencies falling within the frequency region with the best
ossible signal reception conditions for the highest signal–noise
atio to be achieved. To reduce the surface high-temperature ef-
ects, sound ducts (wave guides) were used in the experiments;
he dimensions of these were selected from the condition that
he frequency range of the test signal recording should be as
igh above the lower resonance frequency of the sound duct as
ossible [6] . Wave guides of two types were employed: cylin-
rical ones and those with a conical part. Tests were conducted
or all wave guides to determine the damping factors. Tests were
onducted both on specimens and on the full-scale bench (see
ig. 2 ). 
The AE probes were installed directly on the metal with the
ontact point cleaned in advance. The tests showed satisfactory
haracteristics of such probe arrangement – the lowest damp-
ng factor was below 10 dB, and the sensitivity drop during
ong-term operation at 300 °C was acceptable. As applied to the
robes as such, work was done to select high-temperature test
ables and to calibrate them absolutely and relatively [4] . The
arameters of recorded signals depend not only on the ampli-
ude and frequency response of the probe but also on the way
t is attached to the tested item and on the transfer function
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Fig. 3. Diagrams of intensity (top) and amplitude (bottom) distributions for AE signals from the gage length (light) and from the capture area (dark). 
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t  hroughout the acoustic path in which the signal is recorded.
or this reason, the probes were finally calibrated immediately
n the full-scale bench to increase the reliability of AE mea-
urements. To select the location pattern, permissible distances
etween the AE probes were estimated and the damping factors
n the nozzle region were determined. 
The permissible distance between the location group probes
hall not exceed the value at which the damping of the instan-
aneous amplitude of the tested AE signals in the process of the
ropagation from one probe to another does not make it possi-
le to identify unambiguously the AE signal against the overall
oise background. Given this, a computational experiment work
as initially conducted to select the most effective distance be-
ween the probes, the best possible location pattern with regard
or the geometry of the WJ 111 zone, and the suspected defect
ormation and development point. In this part of the study, a
su-Nielsen source normally used for the absolute calibration
f AE transducers was used as the AE signal test pulse. The
amping factor of the primary and secondary modes and the AE
ignal as the whole was calculated from the measured peak am-
litudes of the recorded signals from all probes of the acoustic
ystem. 
Since AE method is based not only on locating the signal
ource but also on analyzing the information parameters of
aves from it, it was required to examine the peculiarities of
he AE pulses emitted by the WJ 111 metal during the defect
ormation. It is also important to find out in what way the AE
ulses characterized by amplitude, length, shape and frequency
pectrum will change during the elastoplastic deformation and
ailure of the steam-generator steel, with regard for the distance
etween the source and the receiver of elastic waves. To this end, a series of laboratory experiments were con-
ucted to separate AE signals using location methods during
esting of large-size specifically shaped specimens for uniaxial
ension. 
These tests determine parameters of the AE signals repre-
entative of the processes involved in elastoplastic deformation,
rack nucleation and crack opening up to a complete failure. 
Fig. 3 presents diagrams of the AE signal intensity depending
n time with the loading parameter superimposed, and a diagram
f the distribution of the number of signals by amplitudes at all
pecimen testing stages. The parameters of AE signals for clus-
ers from the specimen’s gage length are shown in light, and
hose from the capture area are shown in dark. An analysis into
he amplitude and frequency responses of signals for different
pecimen deformation and failure stages showed that the dura-
ion of the acoustic emission event was (0.1–0.9) 10 −6 s, with
n average energy of about 10 –14 –10 –15 J and an amplitude of
0–50 dB, and the spectrum of signals corresponded to the dislo-
ation mechanisms [14] . However, the reception of frequencies
f below 100 kHz is limited to mechanical noise, and the damp-
ng of ultrasonic waves in metal in a frequency range of 1 MHz
educes markedly the amplitude of pulses. 
In this connection, it is reasonable that the structural steel
eformation and failure processes to be studied in a range of
00–300 kHz. Acoustic signals from the necking area with an
nitial microcrack and its further growth up to the specimen
reak point are rather long and have a pronounced mode as
ompared to the plastic strain area. This makes it possible to
reate a filtration program for the initial rejection of AE signals
nd thus facilitate the analysis of the location pattern. Following
he location, the best possible criterion for ranking the hazardous
36 M.B. Bakirov et al. / Nuclear Energy and Technology 1 (2015) 32–36 
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[  areas with developing defects is the density of AE signals over
the specimen surface. 
The crack growth dynamics can be estimated based on the
obtained AE data, as shown in literature [5,6,7,15–17] . Still, this
is rather a difficult task and, with the noise from the operation
of the primary circuit equipment taken into account, this task,
as we believe, cannot be accomplished, so it was not discussed
in this study [18] . 
The main purpose of the developed distributed system is to
collect information from transducers using the bench-selected
transducer arrangement beneath the most hazardous defect in
the WJ 11 region. 
Each measuring channel has its own analog-to-digital con-
verter and signal processor; and this eliminates the need for
switching and parasitic impacts of channels on each other.
Such configuration enables preprocessing of signals, filtration
of noise, calculation of spectra and recording of the absolute
recording time, duration and other characteristics essential to
location. And these characteristics are calculated in the same
pace as the experiment is conducted. The use in each channel
of a built-in AE signal simulator makes it possible to define au-
tomatically the dimensions of the location areas and the quality
of the probe installation on the complicated geometry of the SG
nozzle. The use of a developed system with the above architec-
ture makes it possible to inspect the SG nozzle around the entire
periphery of WJ 111. 
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